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http:WHAT THIS PAPER ADDS
This study makes direct comparisons between histology and two types of quantitative analysis of intraplaque
neovascularization (IPN) on contrast enhanced ultrasound (CEUS), and describes the correlations between
temporal parameters, spatial parameters, semiquantitative visual scores, and quantitative histological neovessel
density. Both temporal and spatial quantitative parameters on CEUS are correlated with neovessel density on
histology, and combing two types of parameters provides better assessment of IPN. Quantitative analysis of
CEUS may provide a potentially valuable method for evaluating the vulnerability of carotid plaques, and for their
risk stratiﬁcation.Objective/Background: To evaluate whether carotid intraplaque neovascularization (IPN) can be accurately
assessed by two types of quantitative analysis on contrast enhanced ultrasound (CEUS), the time intensity curve
analysis and the analysis of contrast agent spatial distributions, and whether the quantitative analysis correlates
with semiquantitative visual interpretation and histopathology.
Methods: Forty-four plaques in 34 patients were included for CEUS examination. A three point score system
(absent, moderate, and extensive) was used for semiquantitative grading of IPN. Eight spatial quantitative
parameters were derived, including the IPN area ratio in plaque (AR) and the AR in plaque core (AR13). Two
temporal quantitative parameters were obtained, namely the enhanced intensity in plaque (EI) and the enhanced
intensity ratio (EIR). Histopathology with CD34 staining for quantiﬁcation of microvessel density (MVD) was
performed on 12 plaques excised by carotid endarterectomy.
Results: Both spatial and temporal parameters were correlated with MVD on histology (AR: r ¼ .854; AR13:
r ¼ .858; EI: r ¼ .767; EIR: r ¼ .750 [p < .01]), as well as with semiquantitative grading (p < .01). Five mutually
independent factors were condensed from 10 interrelated parameters by using factor analysis, and they
signiﬁcantly predicted MVD with an radj value as high as .932 (p ¼ .01).
Conclusion: Both spatial and temporal analysis on CEUS can accurately assess IPN. Combining them provides
better IPN assessment and may be useful for plaque vulnerability evaluation and risk stratiﬁcation.
 2015 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Intraplaque neovascularization (IPN) is related to progressive
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//dx.doi.org/10.1016/j.ejvs.2015.06.077enhanced ultrasound (CEUS) has the ability to depict IPN by
the use of an ultrasound contrast agent (UCA).1 Assessment
of IPN on CEUS is frequently performed by visual grading of
IPN.1,2 However, visual assessment is a means of semi-
quantitativemeasurement that is highly user dependent, and
different studies use different scoring scales. Thus, it is difﬁ-
cult to use the visual assessment as a diagnostic tool.3,4
Quantitative analysis of IPN has recently gained increased
interest. There are two types of quantitative analysis, tem-
poral analysis and spatial analysis, which calculate changes
in perfusion intensity over time and space, respectively, as
illustrated in Fig. 1. Temporal analysis refers to the time
Figure 1. The comparison between (A) the temporal analysis and (B) the spatial analysis of contrast enhanced ultrasound (CEUS) images.
Note. 1The mean or median intensities of pixels in a region of interest (ROI) are measured before and after injection of microbubbles to get
a time intensity curve; the mean and median calculation can be regarded as the spatial averaging of the intensities in the ROI. 2
EI ¼ enhanced intensity; EIR ¼ enhanced intensity ratio; WT ¼ wash in time. 3Multiple CEUS image frames are accumulated by speciﬁc
temporal averaging algorithms such as the temporal mean operation, maximum intensity projection, and contrast quantiﬁcation program.
4SA ¼ surface area; AR ¼ area ratio; CDD ¼ center deviation degree; NC ¼ neovessel count.
290 Q. Zhang et al.intensity curve (TIC) analysis. The mean or median in-
tensities of pixels in a plaque are measured before and after
injection of microbubbles in order to get a TIC, from which
quantitative parameters are then extracted (Fig. 1A). Here,
the mean and median calculation can both be regarded as
the spatial averaging of the intensities in the plaque. The
quantitative parameters obtained with temporal analysis
include the enhanced intensity in plaque (EI), the ratio of
enhanced intensity in plaque to that in lumen (EIR), and the
wash-in time.5,6 The spatial analysis quantiﬁes the UCA
spatial distribution. It ﬁrst accumulates multiple CEUS image
frames by speciﬁc algorithms such as the temporal mean
operation,7 maximum intensity projection,8e11 and contrast
quantiﬁcation program (CQP),3,12 and then computes
quantitative variables from the accumulated image,
including the IPN surface area (SA),4,11,13 area ratio
(AR),4,7,8,11 neovessel count (NC),9 center deviation degree
(CDD),7 radial deviation degree (RDD),7 and CQP value.3 The
accumulation can be recognized as a step of temporal
averaging of multiple images (Fig. 1B).
How to best perform quantitative analysis and extract
quantitative parameters is clinically important, and com-
parison between multiple quantitative parameters and
histologically assessed IPN will make a contribution. Most
quantitative studies only employ one of the two types of
quantitative methods. Recently, two studies that used the
same database, conducted both spatial and temporal
analysis.4,13 However, they were validated with visual
interpretation but no histopathological assessment. Thus,
the relationship of temporal and spatial parameters with
histology needs to be further investigated.The present study aims to make direct comparisons be-
tween histology and two types of quantitative analysis on
CEUS, and investigate possible correlations between tem-
poral parameters, spatial parameters, semiquantitative vi-
sual scores, and quantitative histological neovessel density.MATERIALS AND METHODS
Patients and carotid plaques
The local institutional ethics review board approved the
study protocol, and all patients provided informed consent.
After retrospective review of their medical records by the
investigators, thirty-eight patients undergoing carotid ul-
trasound (US) examinations, including standard US and
CEUS imaging, were included in the study. Four patients
were excluded from the analysis of the plaque contents
because they had heavily calciﬁed plaques, which caused
acoustic shadowing artifacts during the CEUS imaging and
prevented further analysis. In the remaining 34 patients,
bilateral atherosclerotic lesions were detected in 10 pa-
tients. Hence, a total of 44 plaques in 34 patients, one per
carotid artery, were included for the quantitative and
semiquantitative analysis on CEUS. Digital subtraction
angiography (DSA) was conducted to measure the degree of
stenosis. Twelve of the patients (11 men) underwent uni-
lateral longitudinal carotid endarterectomy (CEA).Standard US and CEUS examinations
Patients were imaged using the iU22 system (Philips,
Bothell, WA, USA) equipped with a linear array transducer
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tion. On standard US, carotid bifurcations and internal ca-
rotid arteries were examined in longitudinal and transverse
projections. If a plaque was detected, its location, thickness,
and echogenicity were recorded. In an artery with more
than one plaque, only the thickest plaque underwent sub-
sequent CEUS examination.
The CEUS was performed in longitudinal projections with
the amplitude modulation harmonic imaging. The me-
chanical index was set as 0.07 and the gain 95%. The focal
zone was positioned at a depth of 2e3 cm, depending on
the size of the carotid artery. A basic time gain compensa-
tion curve was used as presetting and then ﬁne adjusted to
obtain a homogeneous image of the carotid lumen while
reducing the noise from the arterial wall. The UCA SonoVue
(Bracco, Milan, Italy) was injected at a bolus dose of 2 mL
through a peripheral intravenous line, followed by a 5 mL
saline ﬂush. The timer was activated so that CEUS images
from the start of UCA administration were continuously
recorded over 2 minutes with the Digital Imaging and
Communications in Medicine (DICOM) standard for ofﬂine
analysis.Semiquantitative visual interpretation on CEUS
IPN was visually assessed with a three point semi-
quantitative scale by two experienced independent radiol-
ogists who were blinded to patient history. Grade 1
indicated no appearance of moving microbubbles in the
plaque or bubbles conﬁned only to the adjacent adventitial
layer; grade 2 was reserved for images with a moderate
visible appearance of moving bubbles in the plaque at the
adventitial side or plaque shoulder; and grade 3 indicated
extensive IPN, with a clearly visible appearance of bubbles
moving to the plaque core.1,2,4,7 The cases in which there
was disagreement between investigators were discussed
jointly in order to reach a consensus.Figure 2. Spatial and temporal parameters for quantiﬁcation of contra
neovascularization (IPN) area divided by the plaque area. (B) The adjust
plaque, whose radius is one third of the plaque radius. Deﬁnitions of o
AR13, with different radii of the central regions. (C) The center deviat
mean and SD of the normalized distance from the IPN to the plaque c
divided by CDD. (D) The enhanced intensity in plaque is denoted by EI,
intensity in plaque to that in lumen by EIR.Spatial quantitative analysis on CEUS
Semi-automatic software written in house with MATLAB
R2007a (MathWorks, Natick, MA, USA) was used to conduct
the spatial quantitative analysis, which consisted of four
algorithms.7 First, a sequence of successive frames lasting
several seconds was automatically selected from the 2
minute cine loop. The sequence was centered on the so
called “peak frame”, which had the largest mean intensity
within the plaque, and it covered frames of six cardiac cy-
cles. Here, the peak frame and the cardiac cycles were
determined by lowpass and bandpass ﬁltering the TIC of a
rectangular region of interest (ROI) containing the plaque so
that the sequence was automatically obtained.7 Second, a
motion compensation algorithm using the normalized cross
correlation was employed to isolate UCA ﬂow within the
plaque from movement of the lumen and the saturation
artifacts of surrounding tissues.14 The third algorithm was
composed of three steps: temporal averaging for UCA signal
accumulation and noise reduction; interactive delineation
of plaque borders; and automatic image segmentation of
IPN. In the interactive delineation step, an ROI was drawn
manually to outline the plaque along its border. Any spots
that were hyperechoic before contrast injection were
treated as artifacts and were purposely excluded from the
ROI. The ROI was placed inward inside the plaque, a few
pixels deviating from the plaque border, so as to further
reduce intensity contamination from lumen motion. The
fourth algorithm extracted spatial quantitative parameters,
as illustrated in Fig. 2.
AR denotes the ratio of the IPN area to the plaque area
(Fig. 2A).7,8 CDD and RDD represent the mean and SD of the
normalized distance from the IPN to the plaque centroid,
respectively (Fig. 2C).7 In order to quantify the extent of IPN
invading to the plaque core, the adjusted ARs, AR13, AR12,
AR23, and AR34, were proposed as the ratios of the IPN
area at the plaque core to the core area (Fig. 2B); here, the
plaque core was deﬁned as a central region inside thest enhancement. (A) Area ratio (AR) is deﬁned as the intraplaque
ed AR, AR13, is calculated as the AR within the central region of the
ther adjusted ARsdAR12, AR23, and AR34dare similar to that of
ion degree (CDD) and radial deviation degree (RDD) represent the
entroid, respectively. The composite AR (CAR) is deﬁned as the AR
the enhanced intensity in lumen by EIL, and the ratio of enhanced
Table 1. Comparison between semiquantitative visual grading and quantitative assessment of intraplaque neovascularization on contrast
enhanced ultrasound, and correlation between quantitative parameters and the microvessel density determined by histology.
Quantitative
parametersa
Visual grade KruskaleWallis tests on visual grades Correlation with
visual grades
Correlation
with histology
1 (n ¼ 17) 2 (n ¼ 14) 3 (n ¼ 13) ANOVA 1 vs. 2 1 vs. 3 2 vs. 3 r p r p
AR 0.20  0.07 0.29  0.07 0.41  0.15 < .01 < .01 < .01 .02 .67 < .01 .85 < .01
AR13 0.05  0.11 0.18  0.19 0.33  0.33 < .01 .01 < .01 .26 .47 < .01 .86 < .01
AR12 0.06  0.08 0.18  0.14 0.32  0.29 < .01 .01 < .01 .22 .51 < .01 .83 < .01
AR23 0.08  0.07 0.18  0.11 0.33  0.24 < .01 .01 < .01 .09 .57 < .01 .81 < .01
AR34 0.09  0.07 0.19  0.09 0.33  0.22 < .01 < .01 < .01 .08 .60 < .01 .80 < .01
CARb 0.22  0.08 0.34  0.09 0.53  0.25 < .01 < .01 < .01 .02 .65 < .01 .83 < .01
CDD 0.91  0.07 0.86  0.07 0.80  0.10 .01 .06 < .01 .15 e.49 < .01 e.61 .04
RDD 0.13  0.08 0.18  0.07 0.21  0.07 0.02 .04 .01 .36 .43 < .01 .64 .03
EIc 1.65  1.44 3.23  1.82 5.53  4.15 < .01 .03 < .01 .16 .52 < .01 .77 .01
EIRc 0.03  0.02 0.05  0.03 0.08  0.04 < .01 .02 < .01 .09 .57 < .01 .75 .01
Note. ANOVA ¼ analysis of variance; AR ¼ area ratio; CDD ¼ center deviation degree; RDD ¼ radial deviation degree; EI ¼ enhanced
intensity; EIR ¼ enhanced intensity ratio.
a AR13, AR12, AR23, and AR34 are the ARs calculated from the 1/3, 1/2, 2/3, and 3/4 inner parts of the plaques.
b CAR is the composite AR ¼ AR/CDD.
c The EI and EIR are obtained on 43 (11 surgical) plaques, and the other parameters on 44 (12 surgical) plaques.
292 Q. Zhang et al.plaque, whose shape was the same as the plaque and
whose radius was 1/3, 1/2, 2/3, and 3/4 of the plaque
radius, respectively. By combining AR and CDD, the com-
posite AR (CAR) equaling AR/CDD was obtained. In total,
eight spatial parameters were extracted.
Temporal quantitative analysis on CEUS
Temporal quantitative analysis of intraplaque contrast
enhancement was performed with the commercial software
QLab (Philips, Bothell, WA, USA). Motion compensation was
turned on. For each plaque, an ROI was drawn manually
along its border, as mentioned in the previous subsection.
The TIC of the plaque was automatically generated and was
smoothed by a lowpass ﬁlter (Fig. 2D). The baseline in-
tensity (without UCA) and peak intensity of enhancement
were obtained from the TIC. For accurate calculation, the
intensity here should be raw linear signal rather than
logarithmically compressed data. The EI was calculated by
subtracting the baseline intensity from the peak intensity
(Fig. 2D). Another ROI, with a rectangular shape, was
positioned inside the lumen near the plaque, so that the
enhanced intensity at the lumen was measured. The EIR was
deﬁned as the ratio of the enhanced intensity at the plaque
to that at the lumen (Fig. 2D).
Histopathological examination
Surgical specimens were ﬁxed in 10% buffered formalin.
They were sliced transversely every 5 mm after decalciﬁ-
cation and then embedded in parafﬁn for hematoxylin and
eosin staining. Plaques were dissected free from the surgical
specimens. Immunohistochemical studies were performed
on sections cut from parafﬁn blocks. Each section was
stained with anti-CD34 antibody (M-0117; CHANGDAO,
Shanghai, China) to assess for the presence of neovessels.
The number of neovessels was then counted under a mi-
croscope (200) and converted to the microvessel density
(MVD, /mm2). For each plaque, ﬁve ﬁelds of view were usedfor microscopic examination, and ﬁve measurements of
MVD were averaged to obtain the ﬁnal result.Statistical analysis
All statistical analysis was performed with MATLAB R2007a
(MathWorks). Continuous data were expressed as
mean  SD and categorical variables were expressed as
counts. The KruskaleWallis test was employed to assess
differences among groups. Correlation was examined with
Pearson’s correlation coefﬁcient (r).
Factor analysis was used to summarize 10 quantitative
parameters by a smaller number of mutually independent
factors, which were linear combinations of these parame-
ters.15 Multiple linear regression was performed to quantify
the predictability of MVD from the factors, using the
adjusted Pearson’s correlation coefﬁcient (radj). The contri-
butions of the factors in the regression model were repre-
sented by b-values.RESULTS
Patient characteristics
Among the 44 plaques, 17, 14, and 13 plaques were clas-
siﬁed as grades 1, 2, and 3, respectively. Eighteen plaques
were found in patients with cerebrovascular ischemic
stroke, 17 in those with transient ischemic attack (TIA), and
nine in those without a history of cerebrovascular event.
One plaque had a degree of stenosis < 50%; ﬁve plaques 
50% and < 70%; 19 plaques  70% and < 90%; and 15
plaques  90%. Four plaques were not assessed with DSA,
and thus their degree of stenosis was unavailable.
Spatial quantitative parameters were extracted from all
44 (12 surgical) plaques. Temporal quantitative parameters
were obtained from 43 (11 surgical) plaques, while the
remaining one moved dramatically after UCA injection,
resulting in unreliable values at the beginning of the TIC and
failure of TIC analysis. Thus all EI and EIR values and their
Spatio-temporal Quantiﬁcation of Carotid Plaque 293relation to other variables refer to the 43 (11 surgical)
plaques.Correlation between semiquantitative and quantitative
assessments of IPN
Cohen kappa values, measuring the intra- and inter-
observer agreement of visual grading, were .85 and .58,
respectively. As listed in Table 1, all quantitative parameters
exhibited signiﬁcant differences among the three grades
using KruskaleWallis analysis of variance (p < .05); all pa-
rameters had signiﬁcant differences between grades 1 and
3, nine parameters between grades 1 and 2, and two pa-
rameters between grades 2 and 3 (p < .05). When two
neighboring grades were taken together, all parameters had
signiﬁcant differences between the plaques with contrast
enhancement (grades 2 plus 3) and those without (grade 1)
(p < .01); all parameters exhibited signiﬁcant differences
between the plaques with extensive contrast enhancement
(grade 3) and those without (grades 1 plus 2) (p < .05).
All parameters were signiﬁcantly correlated with the vi-
sual grades (Table 1; r .47e.67; p < .01). Fig. 3AeC shows
three examples of plaques with different grades. Two typical
quantitative parameters, AR and EI, increased as the grade
increased.Correlation between spatial and temporal quantitative
parameters
Eight spatial parameters were signiﬁcantly correlated with
each other (p < .01) with reasonable to high correlationFigure 3. Correlations between the histological microvessel density (MV
ultrasound. (AeC) Three examples of plaques with different degrees
Plaques were visually categorized into three semiquantitative grades: (A
extensive contrast enhancement in the plaque, respectively (arrows). T
intensity (EI), increase when the MVD increases. Scatter plots of MVD
predicted with the true MVD values, where the prediction was perforcoefﬁcients (.49e.99). Two temporal parameters, EI and EIR,
were strongly correlated (r ¼ .86; p < .01). All spatial pa-
rameters, with the exception of CDD and RDD, were
signiﬁcantly correlated with both temporal parameters
(p < .05). The highest r value (.59; p < .01) between pa-
rameters was found between AR and EIR.
Correlation between CEUS measurements and histology
The histologically determined MVD of 12 specimens was
65.3  46.4/mm2. The CD34 stained histological images of a
typical patient are presented in Fig. 4. The semiquantitative
grades were highly correlated with the MVD (r ¼ .70;
p ¼ .01). There were signiﬁcant differences in MVD among
the three grades (p ¼ .024), between grades 1 and 2
(p ¼ .04), between grades 1 and 3 (p ¼ .02), and between
grade 1 and grades 2 plus 3 (p ¼ .01), though there were no
signiﬁcant differences between grades 2 and 3 or between
grades 1 plus 2 and grade 3 (p > .05).
All CEUS parameters were signiﬁcantly correlated with
the MVD (p < .05; Table 1), with r values between .61
(CDD) and .86 (AR13). Three examples in Fig. 3AeC show
that two typical parameters, AR and EI, increased as MVD
increased. Fig. 3 (D, E) further shows the strong correlations
between the MVD and the quantitative parameters.
Compared with semiquantitative interpretation, most
quantitative parameters achieved higher r values and lower
p values.
Using factor analysis, ﬁve factors were condensed from
the 10 parameters. The correlation coefﬁcients between the
parameters and the factors are also called the factorD) and two types of quantitative parameters on contrast enhanced
of contrast enhancement and different levels of MVD are shown.
) grade 1, (B) grade 2, and (C) grade 3, with absent, moderate, and
wo typical quantitative parameters, area ratio (AR) and enhanced
with (D) AR and (E) EI are shown, as well as (F) the plot of the
med by multiple linear regression using ﬁve independent factors.
Figure 4. Typical CD34 staining for microvessel density (MVD) measurement. The plaque is presented with (A) low echogenicity on B-mode
ultrasound and (B) classiﬁed as grade 3 on contrast enhanced ultrasound with enhanced intensity (EI) of 4.17 measured by QLab software.
(C) CD34 staining (brown) displays neovascularization and the MVD is calculated as 62.5/mm2 on microscopy. The region inside the red
rectangle on microscopic image (C) is enlarged in (D), and the region inside the rectangle in (D) is enlarged in (E). For this plaque, area ratio
(AR) ¼ .35, AR13 ¼ .38, composite AR ¼ .52, center deviation degree ¼ .67, radial deviation degree ¼ .25, and enhanced intensity in
plaque to that of lumen ¼ .09.
294 Q. Zhang et al.loadings (FLs). Factor one (F1) is a dominant factor for AR,
adjusted ARs, and CAR (FL > .85). F2 is dominant for EI
(FL ¼ .79) and EIR (FL ¼ .92), and F3 for CDD (FL ¼ .71)
and RDD (FL ¼ .88). F4 and F5 are marginally dominant
for EI (FL ¼ .37) and CDD (FL ¼ .29), respectively. Multiple
linear regression, using MVD as the dependent variable and
ﬁve factors as independent predictors, revealed a signiﬁcant
correlation between MVD and factors (radj ¼ .93; p ¼ .01;
Fig. 3F). F1, F2, and F5 were statistically associated with
MVD (p < .05), while F3 and F4 were not (p > .05). The b
values of the ﬁve factors were .67, e.54, e.26, e.04, and
.34, respectively.Relation between cerebrovascular symptoms and IPN
measurements
There was no signiﬁcant association between symptoms
and any IPN variables on CEUS or histology (p > .05).
However, there was a borderline trend that the asymp-
tomatic plaques had lower AR values (p ¼ .09) and EI values
(p ¼ .08) than the plaques in patients with TIA.Relation between carotid stenosis and IPN measurements
Among 40 plaques with information on the degree of ste-
nosis available, degree of stenosis was marginally correlated
with CEUS grade (r ¼ .38; p ¼ .02). AR23 (p ¼ .08), and
AR34 (p ¼ .08) exhibited a borderline tendency to distin-
guish between plaques with a degree of stenosis < 70% and
those with a degree of stenosis 70%, as well as between
plaques with degrees of stenosis < 70% and those with
degrees of stenosis  90% (p ¼ .07 for AR23 and p¼ .09 for
AR34). Among 12 surgical plaques, six plaques with degrees
of stenosis from 70% to 89% were nearly signiﬁcantlydifferent from the other six plaques with degrees of ste-
nosis  90% in terms of CDD (p ¼ .06) but not any other
semiquantitative or quantitative variables on CEUS or his-
tology (p > .10).DISCUSSION
The association between histology and two types of quan-
titative parameters on CEUS has been studied, and it has
been found that both spatial and temporal parameters are
well correlated with intraplaque MVD at histology. Previous
studies have shown that the temporal parameter EI is
correlated with the histological MVD,2,16 and this study
conﬁrms the reliability of the correlation. Furthermore, it
has been shown that EIR, another temporal parameter that
agrees with visual grading on CEUS,5 is also correlated with
MVD (r ¼ .75; Table 1). In another study,8 the spatial
parameter AR was correlated with the ratio of CD31þ area
to plaque area. Here, the correlation between histology and
AR (r ¼ .85) is not only conﬁrmed, but it also reveals cor-
relations between histology and other spatial parameters
including CDD, RDD and several AR variants, with the
highest r value equaling .86 (Table 1). To the authors’
knowledge, this is the ﬁrst study simultaneously comparing
both spatial and temporal parameters with histology.
Recent studies have found correlations between spatial
parameters and visual grading on CEUS,3,4,7e9,13 or,
furthermore, histology,8 as well as correlations between
temporal parameters and visual grading or histology.2,6,16,17
Thus, it is speculated that correlations may also exist be-
tween spatial and temporal parameters. Here, correlations
between the two types of parameters are reported for the
ﬁrst time.
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rameters that can be used to describe intraplaque contrast
enhancement. Factor analysis is a useful tool for identifying
the essential features of such an interrelated dataset to
better predict histological MVD.15 Here, ﬁve mutually in-
dependent factors were condensed from 10 CEUS param-
eters and were capable of predicting MVD with an radj value
as high as .93, larger than the r value obtained using any
single parameter. Therefore, multiple parameters
condensed into essential factors, provide a more compre-
hensive and more accurate description of IPN. F1, F2, and
F5 were statistically associated with MVD (p < .05), where
F1 was a dominant factor for AR and its variants, F2 for EI
and EIR, and F5 for CDD. They measure the spatial coverage
of the contrast enhancement, the temporal increment of
UCA, and the distance from IPN to the plaque core,
respectively. F1 (b ¼ .67) and F2 (b ¼ .54) contributed
most to the prediction, indicating that the UCA spatial
coverage and the temporal increment are both important in
predicting MVD and combining spatial and temporal pa-
rameters provides better IPN assessment. F5 (b ¼ .34) also
helped the prediction, indicating that the IPN distance to
core is also valuable and contains complementary infor-
mation. Thus, the spatial evaluation of enhancement should
not only rely on spatial coverage, but also distribution
patterns.
The degree of correlation between quantitative param-
eters and visual grading is not always consistent with that
between quantitative parameters and histology. For
instance, AR13 had an r value of .47 with visual grading but
a value of .86 with MVD. The authors attribute the incon-
sistency to the subjective nature of semiquantitative
grading, which also limits its correlation with histology
(r ¼ .70; p ¼ .01). The quantitative analysis allows objective
and reproducible assessment of IPN and, thus, the authors
regard the quantitative parameters as substitution for and
upgrade of the semiquantitative interpretation.
The degree of stenosis had limited association with
contrast enhancement and MVD. From another perspective,
CEUS values may provide information on plaque vulnera-
bility in addition to stenosis and help stratify the plaques
with stenosis  70% that are candidates for CEA.
The present study showed no signiﬁcant association be-
tween symptoms and any CEUS or histological variables
(p > .05), which is in agreement with some publications but
not with others.2,5,6,12,18 These contradictory outcomes
suggest that further studies on large populations should be
conducted to elucidate the association.
The present study has several limitations. First, the
number of subjects was small, especially for histology,
which renders the methods and results preliminary. How-
ever, the sample size was statistically calculated to be suf-
ﬁcient to yield reliable results for such a pilot study.19
Second, the dataset was also heterogeneous, including
plaques with various stenosis degrees and in various cate-
gories of B-mode echogenicity, symptoms, and CEUS
enhancement. Recruiting plaques of a certain type would
create uniformity of the dataset and may lead to morethorough investigation. Third, pseudo-enhancement may
exist in the far wall of the carotid artery.20,21 Hence,
excluding the plaques at the far wall could provide a better
assessment, or developing new pulse sequences for imaging
might overcome this artifact.11 However, in the present
dataset, there was no signiﬁcant difference between the
percentages of far wall plaques at three visual grades,
indicating that the pseudo-enhancement might not be se-
vere enough to bias the visual grading. Fourth, the spec-
imen slices may not have corresponded exactly to the US
images, resulting in sampling error. It might be overcome
using three or four dimensional volumetric US in the future.
Fifth, the inter-observer agreement of CEUS visual grading
was moderate, and no third and independent observer was
used in the case of disagreement between two observers;
future study should add such a third observer.
In conclusion, this study simultaneously compared both
spatial and temporal quantitative parameters on CEUS with
histology. The spatial parameters, temporal parameters,
semiquantitative visual scores, and histological MVD were
found to be correlated with each other. Combining spatial
and temporal parameters yields better IPN quantiﬁcation.
Spatio-temporal quantiﬁcation of IPN on CEUS may poten-
tially provide a valuable method for evaluating the vulner-
ability of carotid plaques. The quantiﬁcation technique may
be extended in candidates for CEA to help risk stratiﬁcation
and treatment strategy design.
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